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Abstract: Structural fire safety has become one of the key considerations in the design and 
maintenance of the built infrastructure. Conventionally the fire resistance rating of load 
bearing Light gauge Steel Frame (LSF) walls is determined based on the standard time-
temperature curve given in ISO 834. Recent research has shown that the true fire resistance of 
building elements exposed to building fires can be less than their fire resistance ratings 
determined based on standard fire tests. It is questionable whether the standard time-
temperature curve truly represents the fuel loads in modern buildings. Therefore an 
equivalent fire severity approach has been used in the past to obtain fire resistance rating. 
This is based on the performance of a structural member exposed to a realistic design fire 
curve in comparison to that of standard fire time-temperature curve. This paper presents the 
details of research undertaken to develop an energy based time equivalent approach to obtain 
the fire resistance ratings of LSF walls exposed to realistic design fire curves with respect to 
standard fire exposure. This approach relates to the amount of energy transferred to the 
member. The proposed method was used to predict the fire resistance ratings of single and 
double layer plasterboard lined and externally insulated LSF walls. The predicted fire ratings 
were compared with the results from finite element analyses and fire design rules for three 
different wall configurations exposed to both rapid and prolonged fires. The comparison 
shows that the proposed energy method can be used to obtain the fire resistance ratings of 
LSF walls in the case of prolonged fires. 
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1. Introduction   
In recent times, Light gauge Steel Frame (LSF) walls are increasingly used in residential, 
industrial and commercial buildings as load bearing or non-load bearing elements. LSF wall 
panels are made of thin-walled cold-formed steel stud and track sections and lined with single 
and double gypsum plasterboards with and without insulations (Figure 1). Under fire 
conditions, cold-formed thin-walled steel stud sections heat up quickly resulting in fast 
reduction in their strength and stiffness. Therefore they are commonly used in structural wall 
systems with plasterboard and insulation materials as fire protecting wall lining materials on 
both sides of steel studs to delay the temperature rise in the wall cavity. The types and 
thicknesses of plasterboard and insulations used have a significant impact on the performance 
of LSF wall panels exposed to fire. When exposed to fire from one side, LSF walls are 
subject to thermal bowing effects and their studs will develop a temperature gradient across 
the cross-section. This non-uniform temperature distribution will lead to non-uniform 
strength and stiffness of steel across the stud cross-section and together with thermal bowing 
effects complicates the structural behaviour of studs and significantly influences the 
important fire resistance rating (FRR) of LSF walls. 
 
A typical fire in a building starts in a single compartment and its severity depends on the 
usage of the compartment, fuel load present and the sizes of openings and compartment. 
These parameters vary from compartment to compartment and have to be characterized to 
determine suitable realistic design fire curves. A real building fire curve has a decay phase 
whereas the standard fire curve used in conventional fire testing to determine FRR rises 
continuously. Many fire tests have been undertaken at great expenses, and a vast database of 
FRR has been collected over the years using standard fire curve [1]. Fire testing based on 
standard fire curve will give good comparative results for building systems tested under 
identical conditions. However, it has been shown that these results do not provide accurate 
FRR for modern residential and commercial buildings that have a high fire severity [2-6].  
 
In the modern commercial and residential buildings, the increasing use of thermoplastic 
materials, synthetic foams, polyurethane and fabrics is evident in the form of desktop 
computers, fabric coated drywall systems and upholstered furniture [7,8]. During a fire, most 
of these thermoplastic polymers melt and burn faster with higher heat release rates [4,6]. 
Bwalya et al.’s [7,8] survey of fuel loads in family dwellings has shown a significant 
contribution from synthetic plastic materials to the fuel loads and thus a higher fire severity in 
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modern residential dwellings. Hence there is a need to develop suitable time-temperature 
curves representing realistic building fires and to use them to obtain FRR of LSF wall 
systems. 
 
Many time-temperature relationships, parametric equations and models are available to 
simulate the post-flashover time-temperature distribution of a real building fire [9-13]. Most 
of these models use different methods to determine the time-temperature distribution within a 
compartment and are empirical in nature [9,12]. Suitable realistic design fire curves have to 
be determined based on the fuel load, ventilation openings and thermal properties of wall 
lining materials in a compartment [14]. A recent study by Ariyanayagam and Mahendran [15] 
has developed realistic design fire time-temperature curves based on Eurocode parametric 
[16] and Barnett’s ‘BFD’ curves [9,12] that can be used for the testing of LSF wall systems in 
modern buildings. However, we need a method to obtain the FRR of LSF walls exposed to 
realistic fire curves. This is because a large database of FRR of LSF wall systems under 
standard fire curve is already available while undertaking fire tests under realistic fire curves 
is more complicated. For this purpose an equivalent fire severity approach is proposed in this 
paper. the proposed approach is based on the performance of a structural member exposed to 
a realistic fire curve in comparison to that of standard fire curve. Such equivalent fire severity 
methods include maximum temperature, minimum load capacity and maximum deflection 
methods, and empirical formulae. A review of these methods has shown that they provide an 
estimate to the fire resistance of structural members exposed to realistic fire curves, but they 
have their own limitations in predicting the FRR [4]. 
 
This paper presents the details of an energy based time equivalent approach to obtain the 
FRR of LSF walls exposed to realistic design fires with respect to standard fire exposure. It 
was based on the equal area concept of fire severity, but instead of the area below the fire 
time-temperature curve, it equates the area below the heat flux versus time curve. Thus it 
relates to the amount of energy transferred to the member. The proposed method was used to 
predict the FRR of LSF walls exposed to realistic design fires. The predicted FRR were 
compared with the results from finite element analyses and fire design rules for single and 
double layer plasterboard lined and externally insulated LSF walls. 
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2. Equivalent Fire Severity 
Equivalent fire severity is based on the performance of a member exposed to realistic fire 
curve in comparison to that of standard fire curve. The severity of a fire is dependent on fuel 
type, geometry and size of the room/compartment and ventilation openings. Several 
approaches have been used to determine the equivalent severity of fire, for which equal area 
and time equivalent concepts are commonly used [17,18].  
 
The equal area concept was developed by Ingberg in 1928 [17], who quantified the severity 
of a fire as the integral of the time-temperature profile. Two fires can be considered of equal 
severity if the areas under both time-temperature curves are equal. This is misleading since 
equal fire severity can be obtained for short-hot and long-cold fires. But in reality, the heat 
transfer from the short-hot fire is much greater because the majority of the heat is transferred 
through radiation, and it is proportional to the temperature difference to the fourth power. 
Therefore, such a method of comparing severity can underestimate the severity of short 
duration hot fires and overestimate it for longer, cool fires [4,14,18]. Time equivalent concept 
equates the performance of a structure exposed to realistic fire in terms of an equivalent 
exposure time to a standard fire. The time equivalence is related to the FRR and is defined as 
the time extent to which the barrier provides the protection without losing its integrity.  
 
Many methods and empirical formulae have been developed to derive the equivalent fire 
severity for applications in fire engineering design. They include the maximum temperature 
method, minimum load capacity method, maximum deflection method and empirical 
formulae. Among them, the minimum load capacity method and the maximum deflection 
method require extensive experimental and finite element analyses to compare the load and 
deflection obtained under design and standard fire scenarios and thus cannot be easily applied 
in design situations [14,18]. The most popular and commonly used method is the maximum 
temperature method where the time equivalency of a member is obtained by mapping the 
peak temperatures resulting from design fire scenario to the corresponding standard fire 
exposure temperature [14,18]. Also several empirical formulae, such as CIB [19], Law [10] 
and Eurocode formulae [16], have been derived based on this principle for protected steel 
members, details of which are given next. 
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The design guide for structural fire safety [19] published a time equivalent formula based on 
the fuel load present in the compartment and available ventilation parameters. The equivalent 
time of exposure ( et ) to an ISO 834 standard fire curve is given by; 
 
fe cwqt   [mins]                 (1)  
 
where c = Conversion factor to include the thermal properties of lining materials 
[min/MJ/m2], fq = Fuel load density based on floor area [MJ/m
2], w = Ventilation factor 
given by AAww f
/ and hAAw tf/  , fA = Floor area of the fire compartment 
[m2], A  = Total ventilation area [m2], tA = Total interior area of the compartment [m
2] and 
h  = Average height of the opening [m]. 
 
Law [10] developed a similar equation for protected steel and reinforced concrete elements 
based on the critical temperature of the element when exposed to standard and compartment 
fires. It is given by; 
 
 2/1te )]AA(A[LKt  [mins]                    (2) 
 
where K = Factor depending on the furnace design and is of order unity, L = Fuel load [MJ], 
A = Window area, tA = Area of walls [m
2].  
 
Law’s general conclusion from the review of the t-equivalent formulae is that the time-
equivalent model may not be the most appropriate design parameter always, especially when 
the fire temperature and duration are needed [19].  
 
Eurocode 1 Part 1-2 formula [16] is defined as only applicable to fire compartments with 
cellulosic fuel loads for comparison against FRR times obtained from the standard fire tests, 
and is given by; 
 
cbd,fd,e k)w.k.q(t   [mins]                      (3)     
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where d,fq = Design fuel load density related to floor area [MJ/m
2], bk =  Conversion factor 
for the thermal properties of the enclosure, w = Ventilation factor and ck = Correction factor 
for various materials. 
 
Equations (1) to (3) above essentially provide an equivalent fire rating under standard fire 
conditions by comparing the effect of standard and realistic fires in the compartments 
considered. The time equivalent concept provides only an approximate value to that of 
realistic fire behaviour when comparing it with the standard fire curve, and does not take into 
account the difference between the short, hot fires and longer, cooler fires [14,18,20]. Also 
the above time equivalent empirical formulae are based on equivalent time of exposure to the 
standard fire and derived for a particular set of design fires only. Therefore they may not be 
applicable to other shapes of time-temperature curve, to larger rooms and to other types of 
protection [14,18]. Also none of the formulae described above have well documented 
derivations, which are their limitations. This was highlighted by many researchers [14,18,20] 
who suggested that in many situations, the time equivalent formulae used to predict the 
response of structures to fire are inadequate and are usually on the unsafe side.  
 
3. Development of Energy Based Time Equivalent Approach 
Energy based time equivalent approach utilizes energy equivalence to obtain the failure time 
of the stud when exposed to realistic design fire exposure with respect to standard fire 
exposure. Recently, Kodur et al. [18] proposed an energy based time equivalent approach to 
evaluate the fire resistance of Reinforced Concrete (RC) beams when exposed to design fires. 
It utilized an energy based approach to obtain the fire resistance of RC beams exposed to 
design fires with respect to standard fire exposure. This is based on the equal area concept of 
fire severity, but instead of the area below the fire time-temperature curve, it equates the area 
below the heat flux versus time curve. This relates to the amount of energy transferred to the 
member. Hence it assumes that different fire time-temperature curves will have the same fire 
severity if they transfer the same amount of energy to the member. The proposed method 
gave reasonable estimates to the fire resistance of RC beams. Hence Kodur et al. [18] 
concluded that it is more reliable than the existing methods. Therefore a similar approach was 
used in this study to obtain the FRR of LSF walls when exposed to realistic design fire time-
temperature curves. The measure of fire severity is obtained by equating the area under the 
heat flux versus time curves for design fire curves. The amount of energy transferred to LSF 
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wall studs from the fire exposed plasterboard surface is through conduction, convection and 
radiation, and the total heat flux )q( is given by;  
 
rck qqqq               (4) 
where  
kq = Conductive Heat Flux [W/m2] given by )TT(Kq HFFk     (5)       
cq = Convective Heat Flux [W/m2] given by )TT(hq HFFcc     (6) 
rq = Radiative Heat Flux [W/m
2] given by )TT(q 4HF4Fr      (7) 
ch = Convective heat transfer coefficient 35  W/m2K [16, 21],  
K  = Thermal conductivity coefficient [W/m2K] obtained from [22],  
 = Stefan-Boltzmann constant 81067.5  W/m2K4, 
 =Emissivity = 0.8 [16,21]  
FT  = Fire temperature [
oC] and  
HFT  = Stud hot flange temperature [
oC] 
 
The energy based time equivalent approach is based on the energy transferred to LSF wall 
panel and calculates the stud failure time with respect to standard fire exposure. The energy 
based stud equivalent failure times can be computed using the following steps;  
 
Step 1 - Determine the realistic design fire time-temperature curve and the corresponding 
stud time-temperature distributions for both realistic design and standard fire 
curves. 
Step 2    -  Using Equation (4), calculate the heat flux for design and standard fire exposures 
at different time steps for the fire duration and plot the heat flux versus time 
curves. Fire side plasterboard (TF) and stud hot flange temperatures (THF) are 
used to compute the conductive, convective and radiative heat flux values. Fire 
side plasterboard temperature is obtained from the fire time-temperature curve, 
while stud hot flange temperature is obtained from finite element thermal analysis. 
Conductive heat flux is calculated based on gypsum plasterboard thermal 
conductivity values for LSF walls lined with single and double plasterboards 
whereas for walls with rock fibre external insulation (see Figure 1) it is calculated 
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using the weighted average gypsum plasterboard and rock fibre insulation thermal 
conductivity values based on their thicknesses. 
Step 3  - Obtain the total energy transferred to LSF wall stud by calculating the area under 
the standard fire heat flux versus time curves for the known stud failure time 
under standard fire. 
Step 4  -  Equate the energy transferred to LSF wall stud from the standard fire (calculated 
in Step 3) to the design fire heat flux versus time curve and obtain the failure time 
for the design fire curve. 
 
The above steps were followed to determine the FRR of LSF walls exposed to realistic design 
fires as explained in the following sections. LSF walls made of 1.15 mm G500 90x40x15 mm 
lipped channel steel studs (nominal yield strength of 500 MPa) lined with 16 mm thick 
gypsum plasterboards were considered with and without an external rock fibre insulation as 
shown in Figure 1. 
 
3.1. Fire Curves and LSF Wall Stud Time-Temperature Curves 
As Step 1, the realistic design fire time-temperature curves were obtained based on the time-
temperature profiles recommended in Eurocode 1 Part 1.2 [16] known as the parametric 
curve, and in Barnett [9,12] knows as the ‘BFD’ curves. The rate of temperature rise and 
peak temperatures in the Eurocode parametric curves are well above those in the standard fire 
curve [1] in most situations for the same time period. But the decay rates are linear and very 
fast, leading to shorter fire durations. Barnett’s ‘BFD’ [9,12] curve uses a single log-normal 
equation to represent both the growth and decay phases of a fire and has been developed 
using curve fitting to a wide range of experimental test results. These time-temperature 
profiles are based on the compartment characteristics such as the fuel load, ventilation 
openings and thermal inertia of the lining material. Eurocode parametric and ‘BFD’ curves 
allow a design fire time-temperature curve to be developed by selecting appropriate values of 
the above parameters to represent the modern building fire scenarios.  
 
In this study, two values were chosen for the first two parameters (fuel load: 780 and 1268 
MJ/m2 and ventilation factor: 0.02 and 0.08 m1/2) while two compartments (concrete and 
timber floors) with plasterboard lined walls with and without rock fibre insulation were 
considered for which thermal inertia values varied from 305 to 715 J/m2S1/2K to include the 
two extreme situations in modern building fires. This led to the development of eight 
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different fire time-temperature curves (EU1 to EU8) for Eurocode parametric design fires 
[16]. Four of them are considered to represent rapid fires (EU1, EU3, EU5 and EU7) while 
others represent prolonged fires (EU2, EU4, EU6 and EU8). The fire curves (EU1, EU3, EU5 
and EU7) are considered rapid fires as the maximum temperature of 1200oC occurs within an 
hour and their fire duration is less than 90 minutes, whereas prolonged fire duration is more 
than 120 minutes. Similarly eight ‘BFD’ curves (BFD1 to BFD8) were also developed for the 
same parameters, resulting in 16 realistic design fire time-temperature curves for a given wall 
configuration. In this study three LSF wall configurations: single and double plasterboard 
lined and externally insulated with rock fibre insulation (see Figure 1) were considered. Each 
of these wall configurations was exposed to the above 16 fire time-temperature curves and 
their failure times were calculated based on the energy based time equivalent approach. 
Figure 2 shows these fire time-temperature curves for single plasterboard lined walls while 
Table 1 shows the fire parameters used in developing these fire curves. Details of the 
development of realistic fire time-temperature curves and the fire curves are given in [15] 
while the corresponding stud hot and cold flange time-temperature distributions obtained 
from a numerical study are given in [22]. A sample procedure in obtaining the fire resistance 
ratings (failure times) of a single plasterboard lined LSF wall exposed to Eurocode 
parametric design fire curve (Fire curve labelled as Si-EU1) is described in the next section. 
 
3.2. Energy Based Time Equivalent Approach Results 
Figure 3 shows the standard fire curve and a realistic design fire curve (Fire curve Si-EU1), 
and the corresponding stud time-temperature curves for LSF walls lined with single 
plasterboard. The heat flux values at different time periods were calculated based on Equation 
(4) and are shown in Figure 4 for both fire curves. 
 
The LSF wall stud failure time for standard fire exposure was obtained from the analyses 
using the validated finite element models described in [22,23]. For this purpose finite element 
analyses of half length simply supported 1.15 mm G500 steel studs subjected to axial 
compression were used with  nominal mechanical properties, appropriate loading and 
boundary conditions, element type and size and elevated temperature mechanical property 
reduction factors, etc. Details of the finite element model used in this study are given in 
Ariyanayagam and Mahendran [23]. The areas under the standard fire heat flux versus time 
curve were then calculated for the corresponding standard fire failure times, and for those 
areas the stud failure times for Fire curve Si-EU1 were computed. For instance, the predicted 
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stud failure time under standard fire was 67 minutes for a load ratio of 0.3 (applied load equal 
to 0.3 times the ambient temperature capacity of studs). Hence the area under the standard 
fire heat flux versus time curve until 67 mins was calculated and by equating this area in the 
heat flux versus time curve for Fire curve Si-EU1 the failure time of 33 mins was obtained as 
shown in Figure 4. Similarly the LSF wall failure times for other load ratios (0.2 to 0.9) were 
calculated for Fire curve Si-EU1. Sample calculations for obtaining LSF wall stud failure 
times using the energy based time equivalent approach are shown in Appendix A.    
 
Table 2 compares the failure times of LSF wall studs with load ratios ranging from 0.2 to 0.9 
obtained from the energy based time equivalent approach for Fire curve Si-EU1 with the 
failure times from finite element analyses (FEA). The FEA failure times for the fire curve Si-
EU1 were obtained using the validated finite element model of LSF wall stud developed in 
[23] with stud time-temperature distributions obtained from the validated thermal finite 
element model of LSF wall panel described in [22]. For a load ratio of 0.2, FEA predicted the 
failure time to be 24 mins while the energy based time equivalent approach indicates no 
failure. Also the computed energy based failure times are higher than the FEA predicted 
values for load ratios less than 0.6. This is due to a rapid temperature rise in Fire curve Si-
EU1, as the corresponding temperature gradients across the stud could have caused the studs 
to fail much earlier in FEA. Hence this suggests that the stud failure does not purely depend 
on the energy transferred to LSF wall, and other factors also significantly influence the fire 
resistance of LSF wall studs. Therefore in order to better understand this behaviour the results 
of LSF wall panels exposed to all the 16 design fire curves are considered (8 of them 
considered rapid fire curves while others as prolonged fire curves). Figures 2 and 5 show the 
required fire and stud hot flange time-temperature curves developed in [15,22]. 
 
Tables 3 and 4 show the failure times from the energy based method together with the FEA 
predicted values [22,23] for rapid and prolonged fires, respectively. Figure 6 compares the 
failure times obtained from both FEA and energy based method. A reasonable agreement 
(tFEA=1.0605tE) is obtained for prolonged fires and the coefficient of determination (R-
squared) is also 0.983. But for rapid fires the coefficient of determination is only 0.581 and 
the energy based approach computed values are unsafe (tFEA=0.8265tE), i.e, the failure times 
computed by the energy based approach are higher than the FEA predicted values. This is due 
to the influence of other factors such as thermal bowing and its magnification effects. Rapid 
fires will cause the stud hot flange temperature to rise rapidly than in the prolonged fires, and 
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hence they have a higher temperature gradient across the stud (hot flange - cold flange 
temperatures). Due to this non-uniform temperature distribution across the stud, thermal 
bowing and neutral axis shift will occur in studs and as a result an additional bending moment 
will also be developed. This will be significant in rapid fires as the temperature gradient is 
higher than in prolonged fires. Hence the actual failure times predicted by FEA are smaller 
than those computed by energy based time equivalent approach. 
 
Figures 7 to 9 show the fire and stud time-temperature curves for selected rapid and 
prolonged fires, and the corresponding heat flux versus time curves. It can be clearly seen 
from Figures 7(b) and 8(b) that the temperature difference between the stud hot and cold 
flanges is higher in rapid fires than in prolonged fires. For instance, in Figure 7(b) the stud 
hot and cold flange temperature difference is 150oC or more at any given time and is greater 
than 200oC at some instances. But for prolonged fires it is 75oC or less as seen in Figure 8(b). 
As seen in Figure 9, high heat flux values are obtained much earlier in rapid fires than in 
prolonged fires. The FEA predicted failure times are much earlier than those obtained from 
energy based time equivalent method (see Table 3). Similar observations were also made by 
Kodur et al. [18], where the ratio between the failure time predicted by FEA to that calculated 
by energy method decreased with increasing maximum temperature of design fire, due to 
higher thermal gradients in RC beams. Hence it is clear that the failure times of LSF walls 
exposed to rapid fires not only depends on the energy transferred from the fire, but also on 
the temperature gradient across the stud. 
 
The failure times of LSF walls lined with double plasterboards and externally insulated with 
rock fibre insulation under rapid and prolonged realistic design fire curves were also obtained 
using the same method described for single plasterboard lined walls. For this purpose also, 
LSF wall stud failure times for the standard fire curve were obtained from FEA conducted in 
[22,23] and are given in Table 5. Figures 10 and 11 compare the failure time obtained from 
FEA and energy based method for LSF walls lined with double plasterboards and externally 
insulated with rock fibre insulation. 
 
As for the LSF walls lined with single plasterboard, LSF walls lined with double plasterboard 
and externally insulated with rock fibre insulation also showed higher failure times for rapid 
fires. The best-fit curves are tFEA=0.7745tE and tFEA=0.7258tE for LSF walls with double 
plasterboards and externally insulated with rock fibre insulation, respectively. But for 
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prolonged fires the energy based time equivalent approach gave values that are in good 
agreement with FEA predicted values. The best-fit curves are tFEA=0.9635tE and tFEA=0.9586tE  
for double plasterboard lined and externally insulated LSF walls, respectively. 
 
This method is based on equal fire severity and a reasonable agreement was obtained with 
FEA predicted values for prolonged fires. But for rapid fires, as the temperature gradient is 
high across the stud, thermal bowing and its magnification effects influenced the failure. 
Hence the FEA predicted failure times are smaller than those from the energy based method. 
This has been observed in three different wall configurations exposed to rapid fire time-
temperature curves. Hence it can be concluded that the energy based method is capable of 
predicting the failure times of LSF walls exposed to prolonged fires with good accuracy to 
that of FEA, and for rapid fires the failure times are unsafe. 
 
4. Comparison of Energy Based Time Equivalent Approach Results with FEA and Fire 
Design Rules 
In this section the stud failure times (FRR) obtained from the design rules developed by 
Gunalan and Mahendran [26,27] based on Eurocode 3 Part 1.3 [24] and AS/NZS 4600 [25], 
and FEA [22,23] are compared with the energy based time equivalent approach results for the 
three LSF wall configurations considered under design fire time-temperature curves. Both 
rapid and prolonged fire curves were considered and Figure 12 shows the selected fire time-
temperature curves (two for each wall configuration) and corresponding stud hot and cold 
flange temperatures.   
 
Figures 13 to 15 compare the predictions from the fire design rules and the energy based 
method with FEA results for 1.15 mm G500 steel stud LSF walls. The load ratio versus time 
curves from FEA [23] and Gunalan and Mahendran’s [26] modified design rules based on 
Eurocode Part 1.3 [24] and AS/NZS 4600 [25] agreed reasonably well with each other for all 
three LSF wall configurations. The load ratio versus time curves from the equal energy based 
simplified method agreed reasonably well for prolonged fires. However, the failure times 
from the energy based method were higher than the other three results (FEA, modified design 
rules) for rapid fires.  
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5. Conclusions 
This paper has described an energy based time equivalent approach to obtain the fire 
resistance ratings (FRR) of LSF walls exposed to realistic design fires. The energy based time 
equivalent method was developed based on equal fire severity principles. The FRR results 
were compared with those from fire design rules and finite element analyses (FEA) 
conducted for LSF walls lined with single and double plasterboards, and externally insulated 
with rock fibre insulations under realistic design fire curves. The fire curves included both 
rapid and prolonged fires. These comparisons showed that the proposed energy based time 
equivalent method cannot be used for rapid fires as the computed failure times were higher 
than the results from FEA and fire design rules due to the influence of thermal bowing and its 
magnification effects at high temperature gradient across the studs for rapid fires. However, it 
can be used to obtain the FRR of lipped channel stud wall panels exposed to design fire time-
temperature curves with sufficient accuracy without the need for further full scale fire tests in 
the case of prolonged fires. 
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Appendix A 
Sample Calculation for Obtaining LSF Wall Stud Failure Time using Energy Based 
Time-Equivalent Approach 
Step 1: 
Design Fire time-temperature curve and corresponding stud temperatures for a single 
plasterboard lined LSF wall obtained from thermal analysis for both design (Fire curve Si-
EU1) and standard fire curves (Figure 3). 
At t = 10 minutes  
Design fire (Si-EU1) temperature TF = 1029oC           
Stud hot flange temperature for design fire (Si-EU1) THF = 71oC 
 
Step 2: 
1. Conductive heat flux  
)TT(Kq HFFk         (Eq. 5) 
K – Thermal conductivity coefficient of plasterboard [22] 
By interpolating between 800 and 1200oC  
At TF = 1029oC      
249.0
)8001200(
)8001029(*)18.030.0(18.0K 
 11KWm   
Thickness of the plasterboard = 16 mm 
016.0/249.0K  12KWm  56.15 12KWm   
     Hence )711029(*56.15qk  2Wm 31091.14  2Wm  
2. Convective heat flux  
 )TT(hq HFFcc                                                                                    (Eq. 6)            
35hc  12KWm   [16] 
)711029(*35qc   
 3c 1053.33q  2Wm  
3. Radiative heat flux  
     )TT(q 4HF
4
Fr         (Eq. 7) 
     
81067.5   42KWm   and  8.0   [16] 
  
 
17 
 
     )711029(1067.5q 448r   2Wm 31057.63  2Wm  
Hence total heat flux at t = 10 mins is,  
rck qqqq          (Eq. 4) 
310)57.6353.3391.14(q   
31001.112q  2Wm  
Similarly for both design fire and standard fire curves total heat flux values were calculated 
for every minute and Figure 4 shows the total heat flux-time curves for both fire curves.  
 
Step 3: 
Table A.1 shows the stud failure time for standard fire curve obtained from the finite element 
analysis [23]. For this known stud failure time for the standard fire curve the corresponding 
area under the standard fire heat flux versus time curve, i.e, total energy transferred to LSF 
wall stud from the fire exposed plasterboard surface, was calculated. The corresponding 
energy values are shown in Table A.1. 
 
Table A.1: Stud Failure Times and Total Energy Transferred to LSF Wall studs for Standard 
Fire Curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
Step 4: 
By equating this energy in the design fire heat flux versus time curves, energy based failure 
times for design fire Si-EU1 were obtained and are given in Table A.1. 
 
 
 
Load 
Ratio 
Standard Fire Curve  Si-EU1 Fire Curve 
Failure Time From 
FEA (mins) 
Total Energy 
(J/m2) 
Failure Time Based 
on Energy Method 
(mins) 
0.2 73  189,029.82 No Failure 
0.3 67  170,445.72 33  
0.4 60  149,058.38 29  
0.5 50   119,062.72 24  
0.6 40  89,612.15 19  
0.7 24  44,202.11 11  
0.8 22  38,875.59 10  
0.9 13  17,228.12 6  
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Stud 
Plasterboard 
Track 
Insulation 
Two layers of 16 mm 
plasterboard 
One layer of 16 mm 
plasterboard 
(a) Single plasterboard  
(b) Double plasterboards  
(c) External insulation (Composite Panel)  
25 mm Rock fibre 
insulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: Si – Single plasterboard; Db – Double plasterboards and Cp – Externally insulated with rock fibre 
Figure 1: LSF Wall Panel 
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ISO834 Standard fire curve 
ISO834 Standard fire curve 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Rapid fire time-temperature curves 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Prolonged fire time-temperature curves 
Figure 2: Fire Time-Temperature Curves for LSF Walls Lined with Single 
Plasterboard  
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Fire curve Si-EU1 
ISO834 Standard fire curve 
 
 
 
 
 
 
 
 
 
 
 
 
Note: HF - Hot Flange; CF- Cold Flange   
Figure 3: Stud Hot Flange Time-Temperature Curves for LSF Walls Lined with 
Single Plasterboard [22] 
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Figure 4: Heat Flux versus Time Curves for LSF Walls Lined with Single 
Plasterboard and Exposed to Standard Fire and Fire Curve Si-EU1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
33 mins 67 mins 
Area - Fire Curve  
Si-EU1 
(Load Ratio = 0.3) 
Area - Standard Fire 
Curve 
(Load Ratio = 0.3) 
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(a) Rapid fire stud hot flange time-temperature curves 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Prolonged fire stud hot flange time-temperature curves 
 
Note: Stud hot flange time-temperature curves for fire Si-EU7 and Si-EU8 are identical to fire Si-EU5 
and Si-EU6 curves; Stud hot flange temperatures in these figures are plotted only up to 800oC. 
 
Figure 5: Stud Hot Flange Time-Temperature Curves for LSF Walls Lined with Single 
Plasterboard [22] 
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(a) Rapid fire time-temperature curves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Prolonged fire time-temperature curves 
 
Figure 6: Failure Times from FEA and Energy Based Equivalent Method for LSF Walls 
Lined with Single Plasterboard 
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Si-EU5 Si-EU1 
Si-BFD1 
Si-BFD5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Fire time-temperature curves 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
(b) Stud hot and cold flange time-temperature curves 
 
Figure 7: Stud Hot and Cold Flange Time-Temperature Curves for LSF Walls Lined 
with Single Plasterboard Exposed to Rapid Fire Curves  
 
 
 
 
 
 
 
Stud Temperature Difference 
(Hot Flange – Cold Flange) 
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Si-EU6 
Si-EU2 
Si-BFD6 
Si-BFD2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  Fire time-temperature curves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Stud hot and cold flange time-temperature curves 
Figure 8: Stud Hot and Cold Flange Time-Temperature Curves for LSF Walls 
Lined with Single Plasterboard Exposed to Prolonged Fire Curves 
 
 
 
 
 
 
 
 
 
Stud Temperature Difference 
(Hot Flange – Cold Flange) 
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(a) Rapid fires 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Prolonged fires 
Figure 9: Heat Flux versus Time Curves for Single Plasterboard Lined LSF Walls 
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(a) Rapid fire time-temperature curves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Prolonged fire time-temperature curves 
Figure 10: Failure Times from FEA and Energy Based Time Equivalent Method for 
LSF Walls Lined with Double Plasterboards 
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(a) Rapid fire time-temperature curves 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
(b) Prolonged fire time-temperature curves 
Figure 11: Failure Times from FEA and Energy Based Time Equivalent Method for 
LSF Walls Externally Insulated with Rock Fibre Insulation 
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Si-EU2 
Si-EU1 
Db-EU1 
Db-EU2 
Cp-EU5 
Cp-EU6 
Si-EU2 
Si-EU1 Db-EU1 
Db-EU2 
Cp-EU5 Cp-EU6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Eurocode parametric fire curves 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Stud time-temperature curves 
Note: Si – Single plasterboard; Db – Double plasterboards and Cp – Externally insulated with rock fibre 
Figure 12: Eurocode Parametric Fire Curves and Corresponding Stud Hot and Cold 
Flange Time-Temperature Curves 
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No Failure for load 
ratio 0.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Rapid fire time-temperature curve – Si-EU1 Fire curve 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
(b) Prolonged fire time-temperature curve – Si-EU2 Fire curve 
Figure 13: Comparison of Fire Resistance Rating Curves for LSF Walls Lined with 
Single Plasterboard 
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No Failure for load 
ratio 0.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Rapid fire time-temperature curve – Db-EU1Fire curve 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Prolonged fire time-temperature curve – Db-EU2 Fire curve 
Figure 14: Comparison of Fire Resistance Rating Curves for LSF Walls Lined with 
Double Plasterboards 
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No Failure for load 
ratios less than 0.7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Rapid fire time-temperature curve – Cp-EU1 Fire curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Prolonged fire time-temperature curve – Cp-EU2 Fire curve 
Figure 15: Comparison of Fire Resistance Rating Curves for LSF Walls Externally 
Insulated with Rock Fibre Insulation 
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Table 1: Fire Compartment Characteristics used in Developing Realistic Fire Curves 
for LSF Walls Lined with Single Plasterboard 
 
(a) Fire compartment characteristics for Eurocode parametric fire curves [16] 
 
Eurocode Parametric 
Fire Curves 
Ventilation 
Factor (m1/2) 
Compartment 
Thermal Inertia 
(J/m2S1/2K) 
Fuel Load 
(MJ/m2) 
Si - EU1 0.08 715.4 1268 
Si - EU2 0.02 700.1 1268 
Si - EU3 0.08 715.4 780 
Si - EU4 0.02 700.1 780 
Si - EU5 0.08 423.5 1268 
Si - EU6 0.02 423.2 1268 
Si - EU7 0.08 423.5 780 
Si - EU8 0.02 423.2 780 
 
 
(b) Fire compartment characteristics for Barnett’s ‘BFD’ fire curves [9,12] 
 
BFD Fire 
Curves  
Ventilation 
Factor (m1/2) 
Fuel 
Load 
(MJ/m2) 
Fire Maximum 
Temperature -Tm 
(oC) 
Time to reach 
Maximum 
Temperature - tm 
(mins)  
Shape 
Constant
- c  
Si - BFD1 0.08 1268 1211 36 38 
Si - BFD2 0.02 1268 845 143 38 
Si - BFD3 0.08 780 1211 22 38 
Si - BFD4 0.02 780 846 88 38 
Si - BFD5 0.08 1268 1211 36 16 
Si - BFD6 0.02 1268 845 143 16 
Si - BFD7 0.08 780 1211 22 16 
Si - BFD8 0.02 780 846 88 16 
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Table 2: Stud Failure Times from FEA and Energy Based Time Equivalent Approach 
for LSF Walls Lined with Single Plasterboard 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load 
Ratio 
Standard Fire Curve Si-EU1 Fire Curve 
From FEA  
(mins) 
From FEA 
(mins) 
Energy Based Method 
(mins) 
0.2 73  24  No Failure 
0.3 67  23  33  
0.4 60  22  29   
0.5 50   19  24  
0.6 40  15  19  
0.7 24  14  11  
0.8 22  13  10  
0.9 13  10  6  
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Table 3: Comparison of Failure Times from FEA and Energy Based Time Equivalent 
Method for Single Plasterboard Lined LSF Walls Exposed to Rapid Fire Curves  
Fire 
Curves Si-EU1  Si-EU3 Si-EU5  Si-EU7 
Si-
BFD1 
 Si-
BFD3 
Si-
BFD5 
 Si-
BFD7 
Load 
Ratio Stud Failure Times (mins) from FEA  
0.2 24 - 16 16 31 - - - 
0.3 23 26 15 15 30 22 34 25 
0.4 22 22 14 14 29 21 33 24 
0.5 19 19 12 12 26 19 30 22 
0.6 15 15 11 11 24 18 29 21 
0.7 14 14 10 10 23 16 28 20 
0.8 13 13 10 10 21 16 27 19 
0.9 10 10 9 9 19 15 25 18 
Load 
Ratio Stud Failure Times (mins) using Energy Method 
0.2 NF - 20 NF 50 - - - 
0.3 33 NF 19 NF 44 NF 50 NF 
0.4 29 NF 18 24 38 32 43 37 
0.5 24 24 16 18 31 26 37 29 
0.6 19 19 14 14 27 21 32 24 
0.7 11 11 8 9 20 15 26 18 
0.8 10 10 7 8 19 14 24 17 
0.9 6 6 5 5 15 11 20 14 
    Note: NF – No Failure in the energy method 
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Table 4: Comparison of Failure Times from FEA and Energy Based Time Equivalent 
Method for Single Plasterboard Lined LSF Walls Exposed to Prolonged Fire Curves 
Fire 
Curves Si-EU2  Si-EU4 Si-EU6 Si-EU8 
Si-
BFD2 
 Si-
BFD4 
Si-
BFD6 
Si-
BFD8 
Load 
Ratio Stud Failure Times (mins) from FEA  
0.2 88 88 55 55 - - - - 
0.3 80 80 51 51 - - - - 
0.4 70 70 46 46 114 94 - 108 
0.5 60 60 39 39 94 76 113 87 
0.6 47 47 30 30 76 60 96 69 
0.7 28 28 21 21 57 37 77 55 
0.8 25 25 18 18 48 30 66 47 
0.9 19 19 13 13 36 22 48 36 
Load 
Ratio Stud Failure Times (mins) using Energy Method 
0.2 81 82 59 59 - - - - 
0.3 75 76 54 54 - - - - 
0.4 67 67 48 48 101 82 - 97 
0.5 56 57 40 40 86 69 105 84 
0.6 45 45 32 32 70 57 90 70 
0.7 27 27 19 19 48 37 67 49 
0.8 24 24 17 17 44 35 63 46 
0.9 15 15 10 10 30 23 47 34 
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Table 5: Failure Times of LSF Walls Exposed to Standard Fire Curve from FEA [22,23] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load 
Ratio 
LSF Walls Lined with 
Double Plasterboards 
(mins) 
LSF Walls Externally 
Insulated with Rock Fibre 
Insulation (mins) 
0.2 139  170  
0.3 132   165  
0.4 123  160  
0.5 112  152  
0.6 99  139  
0.7 71  116  
0.8 64  103  
0.9 53  92 
